Since the early era of the 1950s, 1,2 much progress has been made in the surgical treatment of thoracoabdominal aortic disease (TAAD). In the 1970s, Crawford introduced many new concepts that are still used today including endoaortic graft inclusion and patch reattachment of visceral vessels.
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Until the late 1980s, the cross-clamp technique was the mainstay of surgical repair. Although results from that era were impressive, the rate of neurological dysfunction (especially spinal cord injury [SCI]) remained high. 4 Many adjunct techniques were proposed in the 1990s to address this complication, including distal aortic perfusion, intraoperative and postoperative cerebrospinal fluid drainage, systemic cooling, spinal cooling, and monitoring of somatosensoryevoked potentials. [5] [6] [7] [8] [9] More recently, alternative strategies such as endovascular [10] [11] [12] or hybrid [13] [14] [15] approaches have been proposed.
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Abstract
Background Despite much progress in the surgical and endovascular treatment of thoracoabdominal aortic diseases (TAADs), there is no consensus regarding the optimal approach to minimize operative mortality and end-organ dysfunction. We report our experience in the past 16 years treating TAAD by open surgery. Methods A retrospective review of all TAAD patients who underwent an open repair since January 2000 was performed. The primary endpoints included early morbidity and mortality, and the secondary endpoints were overall death and rate of aortic reintervention.
Results There were 112 patients treated by open surgery for TAAD. Mean age was 66 AE 10 years and 61 (54%) were male. Seventy-seven (69%) patients had aneurysmal degeneration without aortic dissection and the remaining 35 (31%) had a concomitant aortic dissection. There were 12 deaths (10.7%) and they were equally distributed between the aneurysm and dissection groups (p ¼ 0.8). The mortality for elective surgery was 3.2% (2/61). The rate of permanent paraplegia and stroke were each 2.6% (3/112). The rate of cerebrovascular accident was significantly higher in the dissection group (8.5% vs. 1.2%, p ¼ 0.05). The survival at 1, 5, and 10 years was 80.6, 56.1, and 32.7%, respectively. Conclusion Our data confirm that open replacement of the thoracoabdominal aorta can be performed in expert centers quite safely. Different aortic pathologies (degenerative aneurysm vs. dissection) do not influence the short-and long-term outcomes. Open surgery should still be considered the standard in the management of TAAD.
Despite this progress, the best strategy to reduce surgicalrelated morbidity remains contentious. Here, we report our experience in the open treatment of TAAD from 2000 to 2016, evaluating overall outcomes and the effect of different aortic pathology on successful repair.
Materials and Methods

Study Design and Definitions
A retrospective analysis of our institutional database was performed to identify all cases of open thoracoabdominal aortic replacement between 2000 and 2016. Although our experience with this operation began in 1983, we restricted this analysis to the modern era. Data regarding preoperative risk factors, extent of replacement, use of the adjuncts, and postoperative course were collected from the patients' medical charts. All patients were followed-up with cross-sectional imaging at 1 month after surgery and clinically every 6 months to a year thereafter. Long-term survival information was based on clinical follow-up, routine radiographic imaging, Social Security Death Index, Epic (Epic Systems Corporation, Verona, WI) death information, and online obituary check (Aortic Institute methodology).
16 Survival follow-up was 98.2% complete (2 patients were lost to follow-up).
The Human Investigation Committee of Yale University approved this study. Informed consent was not required as anonymous clinical data were used.
Early mortality is defined as death within 30 days of the index operation. SCI includes both paraplegia and paraparesis. Global neurological deficit includes both delirium requiring drug treatment, and decreased level of consciousness with inability to wean from mechanical ventilation (without localizing neurology). Focal neurological deficit is defined as localized sensory or motor deficit. Acute kidney injury (AKI) is defined as an increase of creatinine to more than 1.5 times the baseline values.
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Indications for surgery were based on aortic diameter (generally > 5.5 cm) and clinical presentation (general, pain). Patients requiring emergent/urgent operative intervention included those with aortic rupture, end-organ malperfusion, or severe, unrelenting pain. These patients were operated on regardless of aortic diameter. 18 Elective surgery was indicated when maximum aortic diameter exceeded 5.5 cm, or when rapid enlargement was evident (> 5 mm in 6 months). 18, 19 The extent of aortic replacement was based on anatomic involvement. Aneurysms limited to the descending thoracic aorta were not considered in this analysis.
Surgical Technique
Whenever the clinical condition allows, a spinal drain is inserted and a computed tomography angiography (CTA) is performed to detect the anterior spinal artery (artery of Adamkiewicz When technically feasible, left heart bypass (LHB) was used for distal aortic perfusion. This was used in 79.5% (89/112) of cases. When the left inferior pulmonary vein was unavailable for cannulation, we used cardiopulmonary bypass (CPB) with femoro-femoral cannulation. This was used in nine patients (8%). If the proximal aorta was considered "unclampable," we used deep hypothermic circulatory arrest (DHCA), which was necessary in four patients (3.5%).
The clamp-and-sew technique was reserved for patients with vessels unsuitable for peripheral cannulation, or electively in Crawford type IV replacement when the spinal artery was not involved in the replacement. This technique was used in 12.5% (14/112) of patients.
Our surgical technique is as follows: After a standard thoracoabdominal incision, the diaphragm is divided. We usually utilize a circumferential incision of the diaphragm $2 cm from the costal margin. This incision is carried into the hiatus permitting access in the retroperitoneal space, medial visceral rotation, and access to the aorta.
LHB is started specifically and only after clamping the aorta; we have demonstrated that this lowers the risk of embolic stroke from the retroperfusion. 21 The sequential clamping technique is used in a craniocaudal fashion. Intercostal and lumbar arteries in the portion corresponding to the previously identified spinal artery are preserved if possible or directly anastomosed to the graft. In 22 patients, a separate graft was used (19.6%). The visceral arteries are preferably reattached as a patch (or individually if necessary). The patch usually includes the celiac artery, the superior mesenteric artery (SMA), and the right renal arteries. The left renal artery is reattached separately. In patients with a connective tissue disease, we use a branched graft for the visceral vessels. At the end of the procedure, the aneurysmal sac is closed over the prosthesis. 
Statistical Analysis
Late Outcome
The median follow-up duration was 36 months (range, 1-180 months). The Kaplan-Meier survival at 1, 2, 5, and 10 years was 80.6, 73.9, 56.1, and 32.7%, respectively (►Fig. 2). On univariate analysis, the need for tracheostomy or reintubation in the early postoperative period was associated with late mortality (p < 0.0001). Although patients with degenerative aneurysms were older, the hazard ratio (HR) of death for this group was not significantly higher than the cohort of dissection patients (HR, 1.11, 95% confidence interval [CI], 0.6-2.05, p ¼ 0.7) (►Fig. 3). Aortic reintervention was necessary in 10 patients at a time interval of 1 to 15 years (median, 3 years); the procedures performed are shown in ►Table 3. Nine patients underwent an open procedure and one an endovascular procedure.
Discussion
In the past two decades, intra-and perioperative management of patients undergoing thoracoabdominal aortic replacement has evolved substantially, resulting in improved early survival and decreased morbidity. 23, 24 Remarkably, in the late 1980s, using the clamp-and-sew technique, Crawford et al reported an early mortality of less than 10%, 4 but the rate of SCI was very high, with an incidence of up to 50% in type II aortas when the clamp time exceeded 45 minutes.
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The introduction of distal aortic perfusion with LHB and of preoperative use of spinal drainage has brought a meaningful reduction of SCI from 39 to 10% in type II cases. 26, 27 In our series, the overall rate of SCI was 9.8%, but most of these cases Open Replacement of the Thoracoabdominal Aorta Carino et al.
were transient paraplegia/paraparesis, with a rate of permanent paraplegia of 2.6%, results that are consistent with Coselli et al's remarkably extensive experience.
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Another important factor with regards to SCI rate is the aggressive reattachment of intercostal arteries in the critical zone between T8 and L1. In recent years, the use of the CTA has superseded selective angiography for the detection of the spinal artery. 28 Knowledge of the precise location of the spinal artery permits selective reattachment, lowering the clamping time. Some authors have also recently proposed a selective reattachment of the intercostal vessel guided by neuromonitoring, 29 aiming to enhance spinal cord protection.
Although modern adjuncts have facilitated an impressive drop in the SCI rate, the rate of early mortality has not followed this trend. In tertiary referral centers, open surgical repair is accomplished with an early mortality of 10% or less. 23, 24, 30 However, these results are not achieved outside of the tertiary referral centers. A recent review of the Nationwide Inpatient Sample database (a discharge database representing $20% of United States hospitals) shows a mortality after elective TAAD repair of 22.3%, with higher rates in hospitals with lower operative volume. 31 Furthermore, a greater than threefold higher mortality has been reported when thoracoabdominal aortic replacement is accomplished in centers with limited experience. 32 We report an overall early mortality of 10.7% for all cases and 3.2% for elective cases, in line with data from most expert centers. Although most of the patients with TAAD have many risk factors for cerebrovascular disease, the rate of permanent stroke after thoracoabdominal aortic replacement is relatively low. Our incidence of 2.6% falls within the literature range.
23, 33 We noticed, however, a difference between the aneurysm (1.2%) and dissection groups (8.5%) (p ¼ 0.05). This may be related to embolism from retroperfusion of the dissected aorta or to the inherent weakness of the intracranial vessels in dissectors. While open surgery is an accepted option in the treatment of TAAD, uncertainty remains regarding the role of endovascular procedures and hybrid techniques. A fenestrated or branched graft can be used for the endovascular treatment of TAAD. However, manufacture of bespoke grafts for individual patients can be time-consuming and potentially unsuitable in urgent/emergent situations. Verhoeven et al report an early mortality of 7.8% and a SCI rate of 9% in the elective endovascular repair of TAAD. 10 Haulon et al 11 report an early mortality of 9% and a rate of SCI of 12%. In expert tertiary care centers, open TAAD repair is accomplished, as in our experience, with equal or lower mortality and SCI rates in the elective setting. In our series, the early mortality was 3.2% (2/61), in the elective setting. Although the endovascular option may be noninferior in terms of mortality and paraplegia, the rate of reintervention is high with endovascular repair in the mid-term (24% at 3 years 10 ).
In the setting of chronic thoracoabdominal dissection, experience with fenestrated and branched endovascular grafts remains extremely limited. 34 There may be some important role for thoracic endovascular aortic repair (TEVAR) in aortic dissection. [35] [36] [37] However, the appropriateness of TEVAR for chronic dissection is questionable, especially as regards the histologic change in a chronic dissected aorta (progressive fibrosis and immobility of the dissection flap). ). Also, visceral graft occlusion is disturbingly more common than anticipated, with disastrous consequences. 39 Hybrid repair has not lived up to its expectations as an option for TAAD repair.
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It should be noted, however, that in many studies the patients who underwent alternative (nonopen) procedures were considered unfit for open surgery. Thus, the role of open and endovascular procedures should be considered complementary and not strictly competitive.
This study adds to the literature demonstrating that dedicated tertiary centers can deliver open TAAD repair safely, from a mortality, stroke, and paraplegia point of view. This is not unfortunately true across a large spectrum of hospitals of varying experience levels. 31 Regionalization of care for TAAD patients should be considered.
Limitations
This study is observational in nature and involved retrospective review of data collected in a single tertiary care center. These outcomes may not be typical of the general experience at centers of varying experience levels.
Conclusion
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